Neuropathic pain is a debilitating consequence of spinal cord injury (SCI) that remains difficult to treat because underlying mechanisms are not yet fully understood. In part, this is due to limitations of evaluating neuropathic pain in animal models in general, and SCI rodents in particular. Though pain in patients is primarily spontaneous, with relatively few patients experiencing evoked pains, animal models of SCI pain have primarily relied upon evoked withdrawals. Greater use of operant tasks for evaluation of the affective dimension of pain in rodents is needed, but these tests have their own limitations such that additional studies of the relationship between evoked withdrawals and operant outcomes are recommended. In preclinical SCI models, enhanced reflex withdrawal or pain responses can arise from pathological changes that occur at any point along the sensory neuraxis. Use of quantitative sensory testing for identification of optimal treatment approach may yield improved identification of treatment options and clinical trial design. Additionally, a better understanding of the differences between mechanisms contributing to at-versus below-level neuropathic pain and neuropathic pain versus spasticity may shed insights into novel treatment options. Finally, the role of patient characteristics such as age and sex in pathogenesis of neuropathic SCI pain remains to be addressed.
Introduction
Spinal cord injury (SCI), whether a consequence of falls, vehicular accidents or violence, results in partial or complete interruption of communication from the brain to the regions of the body below the level of injury. Disruption of descending motor tracts results in the most visible symptom of SCI, paralysis. Additional common features of SCI such as pain, spasticity, autonomic dysreflexia, and loss of bladder, bowel, respiratory, and sexual functions further impair quality of life and are treatment areas of high priority for afflicted individuals [2, 3] . Severe neuropathic pain, in particular, is a strong predictor for reduced quality of life following SCI and is an area of unmet clinical need because it is frequently intractable to conventional treatments [4] [5] [6] [7] . Mechanisms underlying SCI pain remain poorly understood, hampering novel therapeutic development. This is in part due to limitations in methods of assessing pain in preclinical rodent models. This Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13311-018-0633-4) contains supplementary material, which is available to authorized users. review will address the relationship between rodent models of SCI pain and the clinical condition, discuss methods of improving preclinical SCI pain research, and identify future research questions that may elucidate novel mechanisms.
Clinical Presentation of SCI Pain
SCI pain, which develops in approximately two-thirds of patients with SCI [8, 9] , is broadly categorized as nociceptive (pain arising from nociceptors) or neuropathic (pain arising from damage to the somatosensory nervous system) [10] . Nociceptive pain includes musculoskeletal pain that arises in regions with preserved sensory innervation and can be a consequence of overuse of the arms and back due to wheelchair use. This type of pain is responsive to treatment with nonsteroidal anti-inflammatories (NSAIDs) or opiates. Visceral pain that arises in the abdomen or thorax is also categorized as nociceptive pain, as it can be triggered by food intake or functions of the internal organs, such as defecation [10] .
Neuropathic pain, which develops in 53% of SCI patients [11] , is clinically challenging to treat, partially because mechanisms contributing to its development remain elusive. Symptoms can develop either at or below the level of the injury [10] . At-level pain is defined by its presence anywhere within a region spanning one dermatome rostral and three dermatomes caudal to the neurological level of injury (NLI), whereas below-level pain occurs below three dermatomes caudal to the NLI [10] . The NLI is the most caudal dermatome at which normal sensory and motor functions are maintained on both sides of the body; as a result, its relationship to the lesion epicenter is imperfect, particularly in asymmetrical lesions [12] . Because at-level pain arises in regions that are more likely to retain partial sensory function, this type of pain frequently includes allodynia (pain in response to nonpainful stimuli, such as light touch) as well as spontaneous and ongoing pain [13] . In patients with incomplete SCI, below-level pain can also have an allodynic component [10] , but a substantial proportion of patients with below-level pain have complete spinal lesions and no sensory function in the painful region [14] . For example, 59% of patients with at-level pain report pain evoked by touch, compared to only 30% of patients with below-level pain. Conversely, patients with belowlevel pain are more likely to experience ongoing tingling pins and needles in absence of sensory stimuli (90%) compared to those with at-level pain (59%) [13] . Quantitative sensory testing (QST), which evaluates patient responses to specific sensory modalities [15] , confirms this trend, finding that pain or dysesthesia in response to brush (59 vs 10%), cold (52 vs 30%), warm (12 vs 10%), or pinprick (35 vs 25%) are more common in patients with at-level pain that those with belowlevel pain [13] .
Evaluating Pain in Experimental Models of SCI
SCI pain is studied in rodent lesion models including contusions, hemicontusions, hemisections, and complete transections placed anywhere from the cervical to lumbar spinal segments (reviewed in [16, 17] ). Nontraumatic SCI models, such as excitotoxic lesions and electrolytic lesions confined to the spinothalamic tract [18, 19] , have also been developed to study the contribution of specific types of spinal damage to pain generation. There is no consensus as to the best model for use in SCI pain research, though the most commonly used model is the low thoracic (T7-T10) contusion [17] . However, cervical lesions are the most common in the clinical population, occurring in 60% of SCI patients [20] , and belowlevel pain is more likely to arise in patients with severe cervical lesions [9] , potentially because these types of lesions disrupt a greater proportion of ascending and descending tracts than lower level injuries. Therefore, recent interest has emerged in modeling SCI pain following cervical lesions [21, 22] , though these are limited to hemi-lesions due to animal husbandry considerations. Overall, pain can develop in patients with a variety of lesion severities and localizations, so it may be prudent to continue to study pain mechanisms in a variety of lesion models, looking for commonalities. This is particularly important because the best therapeutic options will work against pain in a variety of lesion types.
A majority of preclinical studies of SCI pain have evaluated evoked withdrawal behavior, primarily in response to touch and heat, in the hindpaws following a low thoracic moderate contusion that is associated with partial recovery of locomotor function (for a detailed breakdown, see [17] ). However, as the field of pain research is becoming increasingly aware, evoked withdrawals are not representative of the complex human pain experience, and focus on these measures may be one of the reasons that so many targets identified preclinically fail to make it to clinical use [23] . Concern over use of evoked withdrawals is exacerbated in the case of SCI, which can cause direct impairment to pain transmission pathways both below and at the level of injury [17, 24, 25] . Indeed, hindpaw withdrawal behaviors persist even following complete spinal transection [26] [27] [28] , sometimes with reduced thresholds, demonstrating that these responses do not depend upon conscious pain perception. Enhanced evoked hindlimb withdrawal behaviors in SCI rodents have been proposed to be a symptom of spasticity rather than pain [24] . However, enhanced hindlimb withdrawal behavior can occur in the absence of stretch hyperreflexia indicative of spasticity [25] , such that the relationship between hindlimb responses and spasticity remains unclear. Finally, clinical neuropathic SCI pain predominantly presents as spontaneous, ongoing pain, with evoked pain present in only a subset of patients, as described above [13] . Therefore, in pain research in general and SCI research in particular, it is increasingly important that pain measures include an emotional-affective dimension and evaluate spontaneous ongoing pain.
Evaluating Conscious Perception of Pain in SCI Models
Many studies have sought to incorporate a conscious element by recording only withdrawals accompanied by brainstem responses such as turning toward the stimulus, or paying attention to or licking the stimulated paw [17, 24, 29] . Though this is an improvement over measuring only evoked withdrawals, it has been suggested that cautious interpretation of results is warranted because even brainstem responses may reflect a state of curiosity toward an unexpected noise or movement associated with reflexive withdrawal [17] . Even so, brainstem responses are not necessarily indicative of conscious pain perception as decerebrate rats can also exhibit responses to innocuous and noxious sensory stimuli [30] [31] [32] . To our knowledge, no published study has conducted operant testing targeting the hindlimbs in a cohort of SCI rats that exhibited brainstem responses to below-level stimuli. Therefore, it remains possible that brainstem responses suffice to identify pain responses. Nevertheless, a stronger approach to SCI pain research will require more consistent use of operant testing, both to confirm presence of pain and treatment efficacy in SCI pain models.
Operant tasks explore the emotional-affective dimension of pain by evaluating whether a rodent is motivated to escape a noxious stimulus (place-escape avoidance paradigm (PEAP) [33, 34] PEAP (Fig. 1a) pits the natural desire of rodents to be in the dark against pain experienced when probed with a stimulus that evokes a withdrawal response [33] . Rodents that are allowed to move freely between a dark and light chamber will typically spend a greater amount of time in the dark. However, when the dark chamber is paired with a painful stimulus, rodents are driven to spend more time in the light [33] (Fig. 1b) . PEAP has shown that enhanced below-level withdrawal to tactile stimuli in SCI rats is not aversive, as von Frey stimulation of the hindpaws does not lead to increased escape from the stimulus-paired chamber [24] . In contrast, enhanced atlevel response to von Frey stimulation is associated with increased escape from von Frey stimulation within the region of at-level hypersensitivity [24, 37] . PEAP has also been used to demonstrate pharmacological efficacy of a compound that reduces microglial activation and tissue damage at the lesion epicenter against at-level von Frey stimulation [41] .
Though one advantage of PEAP testing is the ability to target specific painful sites for testing, this is also a drawback, in that it requires experimenter-driven stimulus administration at regular intervals, which could introduce error or unintentional biasing of results. An alternate version of the task avoids this problem by warming or cooling the entire floor in the dark side of the chamber. This variant of PEAP has shown that rats with T13 hemisection have reduced sensitivity to noxious heat [39] , but those with a spinal stenosis show increased sensitivity to cold and heat [43] . However, this too can be an imperfect approach as only the paws are contact with the stimulus surface, precluding evaluation of at-level pain in the flanks. Rodents could also potentially escape the noxious stimulus by lifting painful limbs off the surface.
The Mechanical Conflict Avoidance System evaluates the willingness of rodents to cross mechanically unpleasant flooring to escape a brightly lit chamber (Fig. 1c) . Neuropathic pain due to chronic constriction nerve injury results in increased latency to cross a field of sharp metal spikes relative to uninjured controls, which can be reversed by analgesics [35] . In a rodent model of T12 hemicontusion, latency to cross was reduced by viral overexpression of IL-10 that also attenuated hindpaw mechanical withdrawal responses relative to untreated SCI rats [40] . However, latencies to cross for sham and naïve animals were not reported, so it is unclear whether this test indicated the presence of mechanically evoked pain in this cohort. Because the spikes only come into contact with the fore-and hindpaws, this test will likely not be useful for identifying the presence of at-level flank hypersensitivity and may yield unreliable results in rats that have lost sensory function in the hindlimbs and therefore experience less overall discomfort while crossing. Additional data are required to draw conclusions as to the utility of this test for identifying SCI pain.
CPP testing measures the preference of a rodent to spend time in an environment it associates with pain relief (Fig. 1d) . Like PEAP, the CPP apparatus consists of two connected chambers. These are either neutrally lit with distinctive patterning of floors and walls or one chamber is dark whereas the other is well lit. During conditioning sessions, each rodent is confined to one chamber at a time, either after administration of vehicle (dark chamber) or a drug predicted to alleviate neuropathic pain (well-lit chamber) [36, 44, 45] . On a subsequent testing session, the subject is allowed to roam freely between chambers and if greater time is spent in the drug-paired chamber, the pharmacological agent is concluded to have had painrelieving effects (Fig. 1e) . Delivery of a drug that reduces below-level spontaneous nociceptor activity and enhanced hindlimb withdrawal leads to CPP for the drug-paired chamber in SCI rats [38, 42] . CPP has also been shown in contused rats in response to morphine administration [46] , but this could reflect addiction as CPP can be confounded when testing drugs that have mood-altering effects such as opioids and anti-depressants. Increased use of CPP may improve the quality of candidates advanced to clinical testing, but one limitation is that CPP cannot determine whether pain relief is experienced at-or below-level, which may not allow for identification of mechanisms distinct to these types of SCI pain. 
Evaluating Spontaneous Pain in Rodent Models of SCI
Spontaneous pain is commonly described in the clinic as the experience of burning, shooting, or stabbing pain at or below the level of injury in the absence of a consciously perceived stimulus [52] . One of the challenges of evaluating spontaneous pain in rodents is that they cannot self-report their experience of pain. Therefore, proxy measurements are necessary. Pain alleviation in CPP arguably reflects alleviation of ongoing spontaneous pain [36] . Additional efforts to identify ongoing, spontaneous pain in SCI models include evaluating atlevel spontaneous paw lifting behaviors and quantifying changes to exploratory behavior, both of which are reversed by administration of gabapentin [37, 47] , suggesting that they are due to ongoing neuropathic pain. The grimace scale, which quantifies the presence of stereotyped facial responses (grimaces) to pain [53] , has also been used to identify ongoing discomfort in SCI models [54, 55] . Rats with a C5 hemicontusion have higher grimace scale scores than sham rats 5 weeks postinjury, and grimacing increases following stimulation of the contralateral hindpaw with acetone [55] . A study of mice with thoracic contusion found increased grimace scores only in the first 3 weeks after injury [54] . It is not clear whether the resolution of grimacing indicates that the experience of spontaneous pain is resolved, and therefore, use of grimace scale for evaluation of pain in chronic animals may be limited if rodents adjust their facial expressions in response to chronic pain. Long-term evaluation of grimace scale in conjunction with operant testing may lend clarity to this issue. However, aspects of grimacing behavior also develop due to illness [53] , so it is possible that rodents exhibit grimacing behavior in response to distressing, but not necessarily painful, SCI-related events such as spasticity, paresthesias, numbness, loss of locomotor function, or autonomic dysreflexia. Future studies are needed to clarify these potential confounds.
Evoked Withdrawal Testing in Models of SCI
In addition to operant testing described above, a variety of stimuli have been used to evaluate evoked responses either in the hindlimbs below the lesion level, the flank at level, and the forepaws at or above the lesion level, depending on the injury model. Tactile, heat, and cold stimuli are the most commonly used in SCI pain research. Despite the uncertainty as to what evoked responses represent, particularly below the lesion level, interest in relating QST profiles in human patients with different pharmacological approaches to pain relief [56-58] make it increasingly important to study circuitry and mechanisms contributing to different pain modalities. Furthermore, the complexities of operant testing make it an unwieldy approach for screening drugs that may alleviate pain, such that continued evaluation of evoked behaviors may be a necessary component of pain research. Therefore, better defining the relationship between evoked withdrawals and operant testing may be instructive.
Mechanical Responses
A majority of studies of SCI pain have evaluated hindlimb withdrawal from von Frey stimulation following low thoracic contusion either alone or in combination with evaluation of brainstem responses [17] . The same filaments are also used for QST in patients, which has confirmed the presence of allodynia or dysesthesia to von Frey stimulation in regions of both at-and below-level pain [59] . Reduced tactile withdrawal thresholds have been reported in the hindlimbs following low thoracic contusion, compression, hemisection, and transection [24, 28, 60, 61] . At-level sensitivity develops on the flank after low thoracic contusion, compression, or hemisection and in the forepaws after high thoracic transection or compression and cervical hemicontusion [21, 24, 37, 60, 61]. Above-level forepaw tactile allodynia has also been described following low thoracic contusion and hemisection [60, 62] , though not following complete transections of low thoracic regions [28, 37, 63] . The presence of above-level allodynia in dermatomes far remote from the lesion epicenter are difficult to reconcile with the current ISCIP definition of SCI pain, which does not include the category of above-level pain described in older clinical description of SCI pain [10] . Though above-level neuropathic pain can develop in patients with SCI, it is considered to be a consequence of complex regional pain syndrome (CRPS) or nerve entrapment such as carpal tunnel syndrome, rather than as a consequence of SCI per se [64] . It is unclear whether SCI rodents develop similar syndromes as a consequence of long-term postural adjustment.
Girdle testing consists of evaluating responses to mechanical stimulation of the flanks in order to capture the zone of atlevel pain [24, 60] . Unlike in human patients, in which at-level pain is described to extend from one segment rostral to three segments caudal [10] , girdle testing in rodents following thoracic contusion or complete transection reveals a pattern of trunk sensitivity that extends from the dermatomes corresponding to the injury level to several dermatomes rostral [24, 28, 60] . One possible explanation for this difference in SCI pain pattern is that a single spinal segment in humans ranges from 15 to 20 mm long in the cervical-thoracic spinal cord, with a total spinal cord length of~450 mm [65] , whereas the entire length of the adult rat spinal cord is only 120 mm [66] . Therefore, the slightly rostral extension of hypersensitivity could be due to spread of inflammatory factors from the lesion site [67] that could affect a greater number of dermatomes in the rat compared to the human. Nevertheless, this does not explain why at-level pain does not extend caudally relative to the lesion site. Another potential explanation is that the lesion level is identified in rodents as the segment at which the lesion was inflicted, whereas in humans the NLI reflects the highest dermatome at which sensory and motor function are normal [12] . It is possible that the NLI in a rodent would be some spinal levels rostral from the lesion epicenter. However, QST in human patients has also revealed abnormal patterns of tactile sensitivity and dysesthesia in dermatomes rostral to the NLI [68] . Therefore, increased mechanical sensitivity in regions above the lesion level in rats could reflect a similar type of dysesthesia rather than pain. As nonpainful sensations are correlated with pain and can also interfere with quality of life [69] , the relevance of evaluating dysesthesia rather than pain should not be discounted. The need to restrain the animal during girdle testing can limit reliability of this test as restraint has some animals develop a hypervigilance that results in responding to every applied stimulus in a subset of uninjured rats [24] .
Reliance on reduced tactile withdrawal thresholds to indicate below-level pain following incomplete SCI has been largely questioned due to a report that below-level stimulation of the hindpaws is not aversive in PEAP testing, despite reduced paw withdrawal thresholds in those rats [24] . However, lesion severities may differ across labs and across studies, such that a single cohort of SCI rats may not be representative of all contusion lesions. For example, the rats in the Baastrup et al.
[24] study did not have enhanced brainstem responses to hindlimb stimulation, whereas contused rats in other studies do [29, 70] . Therefore, additional studies on the relationship between below-level tactile withdrawal responses and operant tasks are warranted. In contrast, tactile stimulation of the torso following thoracic contusion and the forepaws following T3 complete transection are aversive in PEAP indicating that atlevel responses to von Frey stimulation have an aversive component [24, 37, 41].
Heat Response
A great number of studies have evaluated hindpaw and/or forepaw withdrawal to heat stimuli and reported decreased withdrawal thresholds indicative of greater sensitivity to heat stimuli, or thermal hyperalgesia [17, 71] . Thermal withdrawal latency is evaluated most frequently using the Hargreaves apparatus, which applies a radiant heat source to the plantar surface of the paw through a glass surface [72] . This is analogous to the portion of the QST that evaluates heat detection and pain thresholds, though the heat stimulus is delivered differently [73] . Hargreaves testing allows for independent testing of all paws individually and thus provides a great deal of specificity as to which limbs have reduced thermal withdrawal thresholds. In contrast, hot plate testing, which is occasionally used in SCI pain research [74] , stimulates all four limbs and the tail at once, thereby potentially confounding the response in cases in which rodents have lost sensory function below the lesion level.
Due to the relative infrequency of thermal sensitivity in SCI patients (~10% [59]) coupled with the high prevalence of thermal hyperalgesia reported in rodent models of SCI pain, cautious interpretation of these results is recommended [17] . Indeed, one study observed reduced conscious escape behavior in response to thermal stimuli applied to the hindlimbs of restrained rats with T9 contusion [25] that commonly display hindlimb thermal sensitivity [75] [76] [77] . Additionally, operant testing in a model of T13 lateral hemisection found that escape from 44 and 47°C platform is reduced in SCI rats relative to their baseline [39] in contrast to findings of bilateral hind-and fore-limb heat sensitivity reported in another study of this lesion model [60] . However, in both Van Gorp et al. [25] and Vierck et al. [39] , hindpaw withdrawal latencies were not reported, so differences in outcomes could have to do with differences between strains or surgical techniques used across different labs. Nevertheless, these findings underscore the need to conduct further operant testing alongside evoked thermal withdrawals to determine the extent to which enhanced evoked withdrawals are indicative of altered thermal sensitivity following SCI.
Cold Response
Cold allodynia is reported by a subset of patients with SCI pain [73] , and cold temperatures enhance the incidence of spontaneous pain sensations [78] . Hindlimb cold allodynia and hyperalgesia have been reported in models of ischemia, contusion, hemisection, and complete transection SCI [28, [79] [80] [81] [82] , while at-level cold allodynia has also been reported following ischemic SCI [83] , thoracic contusion [24], compression, and complete transection [28, 37] .
A majority of cold response testing has used acetone or ethyl chloride [24, 28, [79] [80] [81] [82] , which produces a sensation of cold that cannot be quantified, may be dependent on the skin temperature of the subject being tested, and emits a chemical or olfactory stimulus that could cause a response independent from the change in skin temperature [84] . Recent studies have evaluated at-level cold allodynia in SCI rats using a Peltier device that can generate calibrated cold temperatures on its face [37, 83] . Peltier devices are similar to those used for QST in patients [73] and provide an advantage in that the temperature needed to elicit a response can be determined. Cold sensitivity in SCI rats has also been studied using PEAP, pitting a dark chamber with a floor cooled to 10°C against a neutral flooring in a brightly lit compartment. In this case, 60% of rodents with chronic spinal stenosis gradually showed increased escape from the cold flooring [43] . Additional use of this operant test in models of traumatic SCI is needed to determine whether cold responses to acetone and contact with a Peltier probe are indicative of pain in response to cold stimulation.
Mechanisms of Neuropathic SCI Pain
A number of mechanisms have been proposed for SCI pain, many of them recently reviewed [67, 85] . Because the majority of studies have relied primarily on hindlimb evoked withdrawal responses that may not be directly linked to neuropathic pain, this section will focus on selected mechanisms of SCI pain that have been demonstrated in both at-and below-level pain responses or confirmed using operant conditioning. However, mechanisms that contribute solely to below-level withdrawal responses may be relevant to development of spasticity and/or autonomic dysreflexia and merit further consideration. Additionally, up to 50% of patients with complete SCI have fMRI activation of the somatosensory cortex in response to below-level brush stimulation despite absence of conscious perception of the stimulus [86] , indicating that unperceived below-level sensory inputs could contribute to the ongoing below-level pain. Therefore, neuropathic SCI pain can arise as a consequence of altered sensory processing at any point along the path from peripheral sensation to conscious perception either at or below the level of injury.
Peripheral Mechanisms
Even though SCI primarily results in damage to the tissue of the spinal cord, several studies have documented changes in peripheral nociceptor function and spontaneous activity at all levels of the neuraxis, including in cervical DRG following a thoracic lesion [42, 62, 87, 88] . Elevated spontaneous activity is associated with increased vocalization responses to at-level stimulation [87] . Increased excitability of at-level nociceptors has been ascribed to reduced membrane expression of the Kv3.4 potassium channel [88] , whereas spontaneous activity of below-level nociceptors has been linked to increased expression of Nav1.8 sodium channels [42] . Anti-sense knockdown of Nav1.8 or treatment with retigabine, a KCNQ potassium channel activator, reduces spontaneous activity and reverses below-level decreases in mechanical and thermal withdrawal thresholds, implicating spontaneous nociceptor activity as a mechanism contributing to below-level evoked withdrawal responses [38, 42] . Importantly, retigabine also induces CPP in SCI rats suggesting that it improves ongoing pain [42], though it is unclear whether this is due exclusively to effects on hindlimb innervating DRG neurons.
DRG neurons communicate extensively with the satellite cells that ensheath them, and activation of DRG soma leads to ATP release that activates P2X7 receptors on satellite cells [89] . Conversely, activated satellite cells release neuromodulatory compounds such as tumor necrosis factor alpha (TNFα) that can influence excitability of DRG neurons [90] . Satellite cells become reactive in DRG from sensory regions innervating the zone of at-level SCI pain [37] . Additionally, reactive satellite cells express more connexin-43, a gap junction protein that mediates communication between adjacent satellite cells and is associated with the development of neuropathic pain in other pain models [91] . Administration of connexin-43 blocking peptides acutely reverses enhanced at-level paw withdrawal behaviors, though this could also have been through direct action on glial cells in the spinal cord [37] .
In addition to promoting spontaneous activity, SCI leads to an enhanced growth state of nociceptive neurons isolated from at-and below-level DRG [87] . Increased nociceptor sprouting has been observed in the dorsal horns both at [37, 92] and below [93] [94] [95] [96] the level of SCI, as well as throughout the neuraxis [97] . The latter may contribute to the development of autonomic dysreflexia, as overexpression of Sema3a reduces CGRP sprouting and hypertension due to colonic distension [98] . Autonomic dysreflexia and neuropathic pain are frequently comorbid [99] and could share mechanisms in common, as has been recently reviewed [100] . Nevertheless, expanded terminal arbors of spontaneously active nociceptive neurons could plausibly generate a wide range of spontaneous pain experiences.
Spinal Mechanisms
Many pathological changes take place within the spinal cord in response to SCI, and some of these mechanisms may contribute to the development of neuropathic pain. Potential paingenerating mechanisms include reactive gliosis, spinal disinhibition, and spinal hyperexcitability.
SCI causes persistent changes to microglia and astrocytes both in close proximity to the lesion epicenter and in regions far remote [62, 101, 102] . Activated microglia are found in dermatomes innervating the hindpaws following low thoracic contusions [76, 102] and in the cervical spinal cord innervating the forepaws following T3 complete transection [37] . Reactive astrocytes are likewise observed both at and below the lesion level [37, 62, 101, 103] (Fig. 2) , though not in all studies of SCI pain [102] . Indeed expression of glial fibrillary acidic protein (GFAP) and astrocyte-associated genes, such as aquaporin 4, is higher in SCI rats with reduced below-level mechanical paw withdrawal thresholds compared to SCI rats with normal sensitivity [101] . Intrathecal treatment with minocycline, which reduces the number of activated microglia (among other off-target effects described in [107] ), reverses hindlimb hypersensitivity and spontaneous and evoked activity in lumbar dorsal horn neurons [76] . Reactive astrocytes are reduced by viral overexpression of interleukin-10 (IL-10) that alleviates measures of evoked hindlimb hypersensitivity and reduces latency to cross a noxious floor in the Mechanical Conflict Avoidance System [40]. Likewise, global or astrocyte-specific deletion of the truncated form of the tropomyosin-related kinase B (TrkB.T1) brain-derived neurotrophic factor (BDNF) receptor results in reduced astrocyte proliferation coupled with partial improvement in hindlimb withdrawal threshold following thoracic contusion SCI [108, 109] , an effect that was replicated by cell cycle inhibition even in mice with established hindlimb sensitivity [54] . Pharmacological inhibition of p38 MAPK, expressed in both astrocytes and microglia, reduces at-level brainstem responses to stimulation [104] and avoidance of flank stimulation in PEAP [41] . Inhibition of connexin-43, a gap junction protein predominantly expressed by astrocytes, alleviates at-level tactile hypersensitivity [37], whereas reactive astrocytes and below-level hypersensitivity are attenuated in connexin-43 knockout mice [110] . At-level thermal hyperalgesia following C5 hemicontusion is associated with increased GFAP and concomitant reduction in expression of the astrocyte glutamate transporter (GLT1) in the dorsal horn [105] . GLT1 is the transporter through which astrocytes take up glutamate from the synaptic cleft, so reduced expression could lead to increased excitation within the dorsal horn. Viral overexpression of GLT1 in astrocytes reverses thermal sensitivity in this model [111] . Therefore, there are several lines of evidence that both astrocyte-and microglia-specific mechanisms contribute to pathogenesis of neuropathic pain following SCI.
Spinal disinhibition due to reduced local GABAergic inhibition can also contribute to SCI pain. At-level allodynia following thoracic contusion is associated with reduced GABA A receptor-mediated inhibitory function in dorsal horn neurons [112] . This could be due to direct loss of GABAergic inhibitory interneurons or GABA synthesizing enzymes, as has been observed in the lumbar spinal cord following thoracic contusion [113, 114] or reduced dorsal horn expression of the potassium-chloride cotransporter (KCC2) that maintains the inhibitory capacity of GABA A receptors by keeping the intraneuronal chloride concentration low [115] (Fig. 3) . GABAergic inhibition is important for gating of sensory stimuli, and loss of inhibition results in hypersensitivity to innocuous stimuli [119] .
Below-level pain can result in part from loss of descending fiber tracts that exert tonic inhibitory control of sensory circuitry, such as the raphespinal and cerulospinal projections [120] . However, changes to descending fiber tracts due to injury may have different effects on neuropathic pain and sensory responses at versus below the injury level. For example, serotonin fibers sprout extensively above a spinal cord lesion [61] , but are reduced below a T13 hemisection [61, 121] . Ablation of raphespinal projections alleviates at-level allodynia in SCI rats [122] , whereas transplantation of serotonin secreting cells alleviates below-level reflex sensitivity is observed for up to 9 months, but only in rats that develop below-level hypersensitivity [101] . AQP4 is a water transport channel predominantly found in astrocytic foot processes that regulate the blood-brain barrier and may mediate pain behavior by causing astrocyte swelling that results in glutamate release [106] following T13 hemisection [123] . Increased serotonin may mediate at-level pain through activation of 5-HT3 receptors, a ligand-gated cation channel serotonin receptor found on spinal dorsal horn neurons and central terminals of primary afferents [124, 125] , as treatment with a 5-HT3 receptor antagonist, odansetron, alleviates at-level pain responses [122, 126] . In contrast, 5-HT1A and 5-HT3 receptor agonists reduce hyperexcitability of below-level spinal neurons from SCI rats [127] . Interestingly, 40% of serotonin-expressing raphespinal projections co-express substance P [128] , and most co-express glutamate [129] , such that altered serotonergic fiber distribution could contribute to sensory changes through both serotonergic and non-serotonergic mechanisms. Taken together, these results suggest that spinal mechanisms contributing to at-and below-level reflex sensitivity may be divergent.
Supraspinal Mechanisms
SCI in both humans and rodent models is associated with reorganization along the neuraxis as a consequence of deafferentation of different regions (reviewed in [130] ). In particular, the somatosensory cortex can reorganize after injury, such that representations of uninjured regions expand into territories that have lost their input [131] . In patients with complete SCI, neuropathic pain correlates with the magnitude of reorganization observed in the primary somatosensory cortex [132] . However, a more recent study found less reorganization of somatotopy in patients with neuropathic SCI pain compared to injury alone [133] . Additionally, an interesting preclinical study found that optogenetic stimulation of the hindlimb somatosensory cortex designed to reverse injury-induced loss of cortical activity in de-afferented regions prevented hindlimb allodynia following ischemic SCI [134] . The thalamus, which relays sensory information to the somatosensory cortex, also undergoes changes that are specifically associated with SCI pain. In particular, patients with SCI pain have reduced levels of thalamic GABA [135] and increased burst firing patterns [136] , in addition to other metabolic abnormalities within the thalamus [137] . Animal models of contusion with either at-or below-level pain also develop spontaneous and hyperresponsive firing of thalamic neurons [138] [139] [140] , though spontaneous firing in thalamic neurons may be transient following SCI [141] . Increased excitability of thalamic neurons could be due to reduced activity in neurons from the zona incerta region that normally keep tight inhibitory control over thalamic neurons, as has been shown following unilateral electrolytic lesion of the spinothalamic tract [142] . However, activated microglia are also detected in the thalamus, and both hindlimb sensitivity and increased thalamic neuron activity are reversed by blocking cysteine-cysteine chemokine ligand 21 (CCL21) within the thalamus or treatment with a cyclin-dependent kinase inhibitor that reduces microglial activation [138, 143] . Intrathecal delivery neurons results in disinhibition of sensory neurons that contributes to ongoing SCI pain by enhancing spinal responses to peripheral inputs (SCI Pain) [115] . Selective loss of KCC2 in the ventral horn results in disinhibition of motor neurons that can cause amplification of spinal reflex responses and spasticity (Spasticity) [117, 118] . If global changes in KCC2 expression occur following SCI, both neuropathic pain and spasticity could develop of anti-sense for Na(v)1.3 also reduces spontaneous activity of thalamic neurons [144] .
Future Directions for SCI Pain Research
In addition to clarifying mechanisms that contribute to the conscious experience of SCI pain, many other topics are of interest for future SCI pain research. For example, the relationship between mechanisms underlying different symptoms of SCI pain and at-versus below-level pain may improve identification of therapeutic approaches in individual patients. Because of the difficulty in separating pain from spasticity in rodent models, understanding the relationship between these sequelae may guide refinement of experimental models. There is a great deal of overlap between the presence of pain and depression in the SCI pain population, and a greater mechanistic understanding of the links between the two may lead to improved therapies for both. Finally, there may be relationships between patient characteristics, such as sex and age with the development and mechanisms of neuropathic pain.
Symptom-Based Treatment Classification
There is increasing interest in using quantitative sensory testing (QST) to classify patterns of pain symptoms that may benefit from specific therapeutic treatment. For example, two recent randomized placebo-controlled studies found that neuropathic pain patients with an irritable nociceptor phenotype, characterized by preserved response to cold, heat, and pinprick, have the best response to treatment with oxcarbazepine [58] and lignocaine 5% patch [57], even though neuropathy was due to several different underlying causes. QST of patients with painful diabetic neuropathy likewise determined that treatment efficacy of gabapentin or the serotonin-norepinephrine reuptake inhibitor duloxetine correlates with specific clusters of sensory symptoms [56] . Use of QST in SCI pain populations identified two pain phenotypes: a moderate neuropathic pain cluster with significant loss of warm, cool, and vibration sensation and a severe neuropathic cluster characterized by less impairment of heat and cold pain detection [145] . A more recent study identified five separate symptom clusters, consistent with characteristics identified in other neuropathic pain conditions [146] . However, it is not yet clear that symptom clusters identified in the context of peripheral neuropathies will be directly applicable to SCI pain. In particular, the irritable nociceptor phenotype is thought to identify nociceptor hyperexcitability in peripheral neuropathic pain conditions [58, 147] . However, similar symptoms can arise as a consequence of spinothalamic tract dysfunction, but may result from spinal and supraspinal amplification of signals in residual and injured spinothalamic tract neurons [145] . Finally, even patients considered to have complete SCI (ASIA A) can have unconscious preservation of some heat and cold sensation from below the lesion level, termed sensory discomplete [145, 148, 149] . Symptom clustering in SCI patients may be complicated by difficulties detecting sensory discomplete lesions by conventional examinations. Some studies support the hypothesis that efficacy of pharmacological treatment will vary as a function of symptoms of SCI pain. The presence or absence of evoked pain has the greatest impact on treatment efficacy of oxcarbazepine, an anti-convulsant that blocks voltage-gated sodium channels [150] , and pregabalin, with both drugs showing greater efficacy in patients without evoked SCI pain [151] ). However, in patients with evoked pain, pregabalin is more effective against shooting pain, allodynia, and thermal hyperalgesia, whereas oxcarbazepine has greater efficacy on burning and pricking sensations [151] . Taken together, these results suggest that different symptoms of SCI pain could require different pharmacological approaches for effective management. Indeed, a very interesting case report found that even within the zone of at-level pain, QST yielded different profiles, and pharmacological treatment with pregabalin was only effective on the side that maintained normal intra-epidermal nerve fiber (IENF) innervation [152] . This demonstrates that even within at-level pain in the same patient, etiological differences might require different therapeutic approaches. However, a recent retrospective analysis of clinical trials for neuropathic pain highlighted the limitation of this approach when applied to currently used therapies, finding that of five drugs that alleviated neuropathic pain in clinical trials, only two, pregabalin and imipramine, had cluster-dependent beneficial effects in patients with a gain of sensory function [153] .
At-Level Versus Below-Level Pain
It remains unclear whether at-level and below-level pain share mechanisms in common or have diverging etiologies that will require different treatment approaches. The rationale behind segregating these two types of pain is on the assumption that they might have distinct mechanisms that would inform treatment choices and promote greater correspondence between animal models and the clinical condition [154] . Because of its localization at the border zone of the injury, at-level pain has been hypothesized to result from damage to roots and nerves at or around the level of injury [10] . It typically develops in the acute stages following injury [9, 59] . Belowlevel pain has been ascribed to interruption of ascending sensory tracts, changes in sensory processing at the level of spinal cord and brain or development of phantom pain in deafferented regions, and develops over a longer timeframe than at-level pain [9] .
A link between the two is suggested by multiple studies finding correlation between at-level allodynia or dysesthesia and below-level pain [155] [156] [157] [158] . A recent study further found that below-level pain was associated with hypersensitivity to cold, touch, and pinprick both at-level and in dermatomes 8-10 segments rostral to the level of injury [68] . Other studies have found deficient above-level conditioned pain modulation [159] and greater above-level tonic suprathreshold pain [160] in SCI patients with neuropathic pain relative to those without pain or normal controls. Taken together, these studies suggest that some of the pathological processes contributing to belowlevel pain have widespread effects on sensory processing throughout the neuraxis.
A potential mechanistic link between at-and below-level pain is difficult to address in preclinical rodent models due to uncertainties in the rodent experience of below-level pain, as discussed above. Therefore, the relationship between at-and below-level pain would be best addressed in patient populations. However, very few clinical trials have compared treatment efficacy on at-versus below-level pain [151, 161] . However, pregabalin and oxcarbazepine do not have different efficacy in at-versus below-level, but are more effective in patients without evoked pain [151] . Likewise, lamotrigine has greater efficacy against pain in patients with incomplete SCI, but not in at-versus belowlevel pain [161] . Nevertheless, a better understanding of whether effective pharmacological agents reduce pain both at-and below-level or only at one site or the other would begin to provide evidence as to whether the two share mechanisms in common, though this type of work is limited by the paucity of pharmaceuticals that alleviate neuropathic pain in general.
Relationship Between Neuropathic Pain and Spasticity
Considering the proposal that below-level evoked withdrawal responses may reflect spasticity [24] , it is worth briefly exploring the relationship between SCI pain and spasticity. Up to 65% of SCI patients develop spasticity [162] , which is characterized by muscle stiffness, increased resistance to passive stretch, increased stretch and extensor reflexes, and increased responsiveness to cutaneous input [163] [164] [165] . The multidimensional nature of spasticity has made it difficult to capture with a single clinical scale [166] . Like pain, spasticity can develop early in the course of SCI and persist indefinitely [162] .
Increased stretch reflex activity could be due to either reduced threshold to elicit reflex response or increased amplification of the stretch reflex [162] . Therefore, sensitization of sensory structures could contribute to both pain and spasticity. The increased prevalence of spasticity in SCI patients with neuropathic pain suggests a mechanistic link between the two [167] . Furthermore, gabapentin, which is one of the frontline treatments for neuropathic pain [168] , alleviates spasticity [169] . Experimentally, exercise alleviates spasticity [170, 171] and neuropathic SCI pain [92, 172, 173] . Conversely, the tricyclic anti-depressant amitryptiline alleviates neuropathic SCI pain [168] but may worsen spasticity [174] and intrathecal delivery of the GABA B receptor agonist baclofen is considered to be the most effective treatment for spasticity [6] , but is ineffective or even exacerbates pain in SCI patients [175] .
Spasticity has been studied preclinically in lesion models of varying severity placed anywhere from the cervical to sacral spinal cord (reviewed in [176] ). These models have relied upon measuring muscle resistance in response to muscle stretch or cutaneous stimulation [171, 177] or changes in rate-dependent depression (RDD) of spinal H-reflex electromyogram (EMG) response [178] . RDD of the H-reflex is impaired in both patients and rodent models of spasticity [178, 179] , but is also impaired in patients and rodents with painful diabetic neuropathy that is not associated with spasticity [180, 181] , so it may not be a biomarker that is unique to spasticity.
One potential mechanism in common between spasticity and neuropathic pain is the reduction of potassium-chloride cotransporter (KCC2), though spasticity may be primarily associated with reduced expression on motor neurons [117, 170] whereas neuropathic pain may involve reduced expression in dorsal horn neurons [115, 180] (Fig. 3) . KCC2 maintains normal chloride homeostasis within neurons by passively allowing efflux of chloride along the potassium concentration gradient [182] . Reduction in membrane KCC2 expression causes an accumulation of intraneuronal chloride, leading to altered chloride reversal potential and reduced inhibition when ionotropic GABA A receptors are activated [116] . Activated microglia and increased BDNF can both lead to reduced KCC2 expression [183] , and SCI is associated with chronically increased microglia [76] and acutely increased BDNF [184, 185] . Loss of descending serotonin fibers may also contribute to reduced KCC2 as activation of spinal 5-HT2A receptors alleviates spasticity by restoring KCC2 function [118] . Spinal KCC2 expression following SCI is restored by passive exercise [170] , which has beneficial effects against both spasticity and SCI pain [171, 172] . Therefore, in cases of KCC2 reduction on both dorsal horn and motor neurons, symptoms could manifest as both pain and spasticity, whereas reduction in one or the other would lead to pain or spasticity, respectively. Treatments that counteract the loss of KCC2 function, such as acetazolamide [186] , may be beneficial for treatment of both symptoms.
The extent to which measures of evoked neuropathic pain in rodent models of SCI may partially reflect spasticity makes it possible that mechanisms ascribed to development of neuropathic pain instead contribute to spasticity, or both. Better characterization of the relationship between presence of evoked withdrawal responses and spasticity may clarify the nature of this relationship and reveal commonalities and dissimilarities between the etiologies of neuropathic pain and spasticity following SCI.
Relationship Between Neuropathic Pain, Depression, and Anxiety SCI is associated with a high prevalence of both neuropathic pain and depression, with the two co-occurring in 22-35% of patients [187] . The presence and severity of pain is associated with depression in the SCI patient population, and association studies suggest that the presence of pain causes depression [187] [188] [189] [190] [191] [192] [193] . Likewise, patients with SCI are at greater risk for developing anxiety [193] [194] [195] , especially those with pain [190] . However, it is not clear whether the link between pain, anxiety, and depression is psychosomatic or rooted in physical changes to the nervous system that affect both sensory and affective processing. For example, psychological factors such as elevated hopelessness/helplessness and catastrophizing correlate with pain-related disability and development of depression in SCI patients [194, 196] . However, physical changes, such as elevated levels of circulating pro-inflammatory cytokines are also associated with development of both pain (for a comprehensive review, see [197] ) and depression [198] [199] [200] .
Clinically, SCI is associated with increased levels of circulating cytokines [201, 202] , particularly in patients with SCI neuropathic pain [203] . Furthermore, cerebrospinal fluid levels of tumor necrosis factor receptor 1 (TNF-R1) are correlated with presence of neuropathic pain 24 h following SCI, though there is no association between pain and cytokine levels 7 months later [204] . Placing SCI patients on an antiinflammatory diet that reduces circulating cytokines has been shown to have some beneficial effects on both depression [205] and pain [206] .
In contused rats with SCI of varying severities, hindlimb withdrawal thresholds are significantly, but modestly, lower in a group of rats displaying behaviors consistent with anxiety and depression that have elevated levels of circulating spinal and hippocampal pro-inflammatory cytokines [48] . Importantly, the presence of anxiety and depression does not impact locomotor function, indicating that these symptoms are not a consequence of reduced physical capability [48] . Depression alone is not associated with sensory outcomes [48, 51] . Cytokine expression and concomitant microglial activation are elevated throughout the brain in response to thoracic injury and are associated with both impaired cognitive performance and symptoms of depression [207] [208] [209] ). Treatment with CR8, a selective cyclin-dependent kinase inhibitor that reduces cell cycle genes and protein expression, reduces pro-inflammatory cytokine expression and microglial activation and is associated with improvement of depressive symptoms and cognitive function, implicating cell cycle activation in the pathophysiology of these sequelae [209] . Cell cycle activation has also been linked to reduced hindlimb withdrawal threshold [54, 109, 138, 210] , suggesting an additional common pathway that can be targeted to alleviate both consequences of SCI. However, additional studies are needed to better parse the relationship between SCI pain and depression.
Mechanisms of Pain in Male Versus Female SCI Pain
Like a majority of pain studies [23] , SCI pain has been predominantly studied in young male rodents [17] . However, upwards of 70% of SCI patients are male [211] , so this choice can be more readily justified than in other pain models. Additionally, unlike other pain syndromes, the prevalence of neuropathic pain and reported pain intensity is equivalent between male and female patients [212, 213] , though female SCI patients may have an increased overall pain prevalence (including nociceptive pain) [212, 214] . Nevertheless, recent data emerging from other neuropathic pain models suggest that male and female subjects may process painful stimuli in different ways that may necessitate different treatment approaches [215] .
Only a few studies have evaluated experimental SCI pain in both male and female subjects. Following contusion injury, male rats have a greater reduction in hindlimb mechanical withdrawal thresholds than females, though rats of both sexes develop increased responsiveness to thermal stimuli [216] . However, operant testing in a model of quisqualate injection that causes excitotoxic SCI suggests that female rats have more thermal hyperalgesia and less cold hyperalgesia than their male counterparts [217] . Though these data suggest that the magnitude of symptoms of SCI pain may differ between the sexes, depending in part on the lesion model, neither addressed potential mechanistic differences that could account for these dissimilarities. Further studies on the topic are needed.
Effect of Age and Duration on SCI Neuropathic Pain
There is a greater prevalence of neuropathic pain in SCI patients aged 50 years and older (51%) than for those aged less than 50 years (38%) [11] . This suggests that increased age at the time of injury correlates with development of SCI pain, as has been reported [212] , because duration of injury does not correlate with presence of pain [212, 213] . In contrast, another study found that patients that develop below-level neuropathic pain within 12 months following SCI are significantly younger than patients that do not develop below-level pain, whereas patient age does not play a role in the prevalence of at-level pain [59] . Therefore, the consequence of age on the development of SCI pain remains unresolved.
A majority of preclinical studies of SCI pain have used young rats [17] . There is limited evidence that age affects neuropathic pain outcomes following experimental SCI, but the effects of age have been infrequently studied. Comparison of the effect of a T13 hemisection on locomotor and pain outcomes in 40-day-old (young), 60-day-old (adult), and 1-year old (middle-aged) male rats found reduced locomotor recovery in middle-aged rats, but increased hindlimb sensitivity to von Frey stimulation only in young rats [218, 219] . As aging is associated with anatomical and functional changes to the somatosensory system (reviewed in [220] ) and differences in immune responses to SCI [221] , additional studies may be warranted to identify mechanistic differences that contribute to pain in older versus younger subjects. This may be particularly pressing if age of injury predisposes individuals to development of SCI pain, as the average age at the time of SCI has increased from 29 years old in the 1970s to 42 years old in 2015 [20] . Additional clinical and preclinical work may yield important insights as to the role of aging in development of SCI pain.
Although the description and presence of neuropathic pain does not change as a function of SCI duration in the clinical population [212, 213] , underlying mechanisms governing the maintenance of pain could evolve as a function of time. Very few studies have evaluated SCI pain at time points longer than a few months, and a majority of mechanistic studies have remained confined to these relatively short durations. Since SCI pain persists over the lifetime of afflicted individuals, studies evaluating the chronicity of underlying mechanisms may illuminate novel therapeutic avenues.
Conclusions
Studying SCI-induced neuropathic pain remains an area of high priority to guide development of novel therapeutic approaches for clinical translation. Though preclinical SCI pain research has increased substantially over the last decade [17] , concerns over methods for evaluating the presence of neuropathic pain in SCI rodents have led to uncertainty as to the relevance of this research to the clinical experience of pain. Increased use of operant conditioning tasks alongside measures of evoked withdrawals will improve the relevance of preclinical findings and allow the field to answer important mechanistic questions that may improve clinical treatment of this debilitating consequence of SCI. Consequently, until an improved understanding of mechanisms underlying neuropathic pain leads to development and implementation of effective therapeutic options, studying this topic should remain an area of high priority even in the face of rapidly advancing technologies, such as stem cell transplantation [222] or brainmachine interfaces [223] , aimed to overcome paralysis.
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